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The avian iris and ciliary body undergoes a transition from smooth-to-striated muscle during embryonic development.
Using antibodies specific for smooth muscle-specific a-actin and myosin heavy chain, we confirm that a smooth-to-striated
muscle transition occurs between E8 and E17 in both iris and ciliary body of the chick. To study the mechanisms regulating
the transition in muscle type, we analyzed the fate of quail clones derived from E7 iris cells. When cells were cloned alone,
45/71 colonies differentiated into smooth muscle and 10/71 became striated muscle. None of the colonies were mixed with
respect to muscle phenotype, indicating a lack of pluripotent stem cells. Furthermore, clones giving rise to nonstriated
muscle could not be forced to incorporate into myotubes when cocultured with chick myocytes. Clones grown in coculture
with chick embryo fibroblasts or E11 iris cells had very high cloning efficiencies (>98%). Significantly more clones
differentiated into striated muscle when cocultured with E11 cells (60/156) than when cocultured with fibroblasts (29/108).
This was due to an increased recruitment of undifferentiated cells into striated muscle, rather than a change in the
percentage of cells differentiating into smooth muscle. In vivo and in vitro, various smooth and striated muscle-specific
markers including contractile proteins, acetylcholine receptor subtypes, and transcription factors were colocalized in cells.
Although our data argue against a multipotent stem cell for smooth and striated muscle cells, they cannot exclude a role
for transdifferentiation. Cumulatively these results suggest that both smooth muscle and migratory myoblasts contribute
to the development of myotubes in the avian iris and that this process is regulated in a non-cell-autonomous fashion by
locally generated signals. © 1998 Academic Press
INTRODUCTION
Muscle cells can be grouped into three general categories:
cardiac, striated, and smooth muscle. Cardiac muscle is
similar to striated in that the intracellular contractile
apparatus appears cross-banded, but it is composed of
mononucleated cells that are tightly associated and linked
by gap junctions. Striated muscle, also referred to as skel-
etal muscle, is multinucleated and also displays a well-
organized contractile apparatus. Smooth muscle cells are
more diverse in function and morphology, are mononucle-
ated, and do not show banded striations. The three muscle
types arise from distinct mesodermal precursors following
gastrulation. Cardiac muscle develops from cells in the
anterior lateral plate mesoderm; skeletal muscle arises from
specific regions of somitic and head mesoderm; and most
smooth muscle is derived from splanchnic lateral plate
mesoderm. One exception is a population of vascular
smooth muscle cells that contribute to the aortic arteries,
which descend from the neural crest and are therefore
ectodermal in origin (LeLievre and LeDouarin, 1975; Kirby
and Waldo, 1990).
Although the three types of muscle are viewed as being
derived from distinct lineages, the initial specification of
muscle fate is believed to be regulated by a family of
transcription factors termed myocyte enhancer factors, that
are shared by cardiac, smooth, and striated muscle (re-
viewed in Olson et al., 1995). The divergence of the three
types of muscle, however, occurs early in development and
is thought to be controlled by different sets of transcription
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factors specific for each muscle lineage. The best under-
stood are those responsible for striated muscle develop-
ment, such as myoD, myf5, myogenin, and mrf4 (reviewed
in Emerson, 1993).
In addition to an early separation of developmental lin-
eages among muscle types, examples of transdifferentia-
tion, the conversion of one differentiated cell type into
another, have been documented. For example, in the jelly-
fish when striated muscle is isolated, it can transdifferen-
tiate into smooth muscle (Alser and Schmid, 1987; Reber-
Mu¨ller et al., 1994). In the mouse, esophageal cells undergo
a conversion from smooth to striated muscle as a part of
normal development (Patapoutian et al., 1995). Subpopula-
tions of striated muscle cells in fish convert into electro-
cytes that then form the electric organ (Patterson and
Zakon, 1997). Colocalization of cell-type-specific markers
has been used as the primary criterion to demonstrate these
examples of transdifferentiation.
The avian iris develops from cells of diverse embryonic
origins and during development undergoes a smooth-to-
striated muscle transition that has been characterized mor-
phologically, immunohistochemically, and electrophysi-
ologically (Pilar et al., 1987; Scapolo et al., 1988; Volpe et
al., 1993). The iris and ciliary body form from ectodermal
cells at the anterior margin of the optic cup as well as
migratory mesenchymal cells derived from the embryonic
head region (Johnston et al., 1979; Wachtler and Jacob,
1986). Morphologically, the iris and ciliary body are first
apparent at stage 27 (embryonic day 5 (E5), Hamburger and
Hamilton, 1951) as a prominent pigmented domain sur-
rounding the pupil. This domain continues to darken and a
border, the ora serrata, is evident between the edge of the
ciliary body and the neural retina. At stage 29 (E6.5),
epithelial cells at the margin of the pupil invaginate into
the mesenchymal iris stroma and differentiate into the
smooth muscle cells (Lewis, 1903; Ferrari and Koch, 1984).
The muscle transition is apparent at E10, when striated
muscle emerges midway along the length of the iris and
within close proximity to the smooth muscle cells (Lewis,
1903; Gabella and Clarke, 1983; Ferrari and Koch, 1984).
Differentiation of striated muscle continues through hatch-
ing, while the smooth muscle cells stop growing at E15 and
are eventually confined to the pupillary margin. (Gabella
and Clarke, 1983; Pilar et al., 1987).
The origin of striated muscle in the iris is controversial.
Based on morphological criteria and the observation that
isolated cultures of iris epithelium can develop into striated
muscle, Ferrari and Koch (1984) concluded that both
smooth muscle and striated muscle are derived from the
invaginating epithelial cells, but that smooth muscle cells
do not contribute to the striated myotubes. In contrast,
Volpe et al. (1993) have suggested that smooth muscle
transdifferentiates into striated muscle because smooth-
and striated-specific muscle markers colocalize in single
cells. Other studies utilizing the chick–quail transplant
technique suggest that some if not all irideal striated
muscle is derived from head mesoderm and cranial neural
crest and is therefore separate in lineage from the smooth
muscle (Nakano and Nakamura, 1985; Yamashita and So-
hal, 1986, 1987). These transplant studies also confirmed
Johnston et al.’s (1979) observation that the ciliary muscles
are derived from migratory mesenchymal cells. Thus, while
it is established that the final phenotype of the ciliary
muscles is striated, it is not clear whether this muscle
group progresses through a transient smooth muscle phe-
notype.
Cumulatively, these results suggest three possible mod-
els for the cellular mechanisms of the iris muscle transi-
tion. (1) Multipotent stem cells derived from either the
epithelium of the optic cup or from the neural crest reside
in the embryonic iris and give rise to both smooth and
striated muscle precursors that differentiate at different,
but overlapping times. (2) Smooth muscle cells transdiffer-
entiate into fusion competent myocytes that then form
multinucleated, striated myotubes. (3) Smooth and striated
muscle precursor cells are of separate lineages and, as
suggested for a multipotent stem cell mode of development,
are promoted to differentiate at different, but overlapping
times. To test the hypothesis that a multipotent stem cell
acts as a precursor for smooth and striated muscle, we have
performed clonal analyses in vitro to test for pluripotency
or lineage restrictions in cells from the undifferentiated iris
and ciliary body. In addition, we have tested the hypothesis
that transdifferentiation can contribute to the development
of striated muscle in these structures by investigating the
colocalization of multiple markers specific for smooth or
striated muscle. These experiments explore possible cellu-
lar mechanisms underlying the smooth-to-striated muscle
transition in the anterior segment of the chick eye.
MATERIALS AND METHODS
Cell Culture
Dissociated iris and ciliary body. Embryonic iris–ciliary bod-
ies were isolated at various ages (described in figure legends) by
removing the overlaying cornea and cutting inside the ora serrata
boundary. The lens was removed and iris–ciliary body tissue, with
epithelium intact, was placed in modified Puck’s glucose (MPG)
solution (123 mM NaCl, 5.3 mM KCl, 10 mM Na2HPO4, 10 mM
NaH2PO4, 0.1% phenol red, 0.01% glucose, pH 7.2) and cut into
1-mm3 pieces before mechanical dissociation in MPG by tritura-
tion through a reduced-bore pipet. Following dissociation, cells
were filtered through 15-mm2 polyamide nylon mesh (Tetko, Inc.,
Briarcliff Manor, NY), centrifuged, and resuspended in modified
L-15 CO2 (Mains and Patterson, 1973) supplemented with 10%
horse serum (plating medium). Cells were counted with a hemo-
cytometer and seeded into rat tail collagen-coated wells at various
densities and cultured as previously described (Link and Nishi,
1998).
Iris and ciliary body explants. Iris–ciliary bodies were isolated
as above and explanted on collagen–agarose cushions in a 35-mm2
dish. Collagen–agarose cushions were prepared by mixing the
following at a 1:2:1 ratio: collagen stock (1.5 mg/ml)/plating
medium/1.0% melted agarose. Four hundred microliters of this
mixture was placed onto a 35-mm2 dish. Once the collagen–agarose
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cushion was set, the dish was flooded with plating medium to
equilibrate the cushion. The explant was then placed on top of the
cushion, and excess medium was removed to leave only a thin layer
over the explant thus promoting oxygen exchange.
Pectoral myotube cultures. Embryonic day 11 (E11) chick
pectoral muscle cultures were prepared as in Link and Nishi (1997)
without modifications.
Creatine Phosphokinase Activity Assay
E11 iris–ciliary body explants were washed with PBS and ho-
mogenized on ice with 80 ml of 1% Nonidet P-40, 100 mM sodium
phosphate buffer (pH 7.0). Homogenates were stored at 280°C prior
to assaying for CPK. CPK activity was determined by reacting 10 ml
of the lysate with 200 ml of the following reaction mixture: 5 mM
a-D-glucose, 1.5 mM ADP, 20 mM DTT, 0.5 U/ml glucose-6-
phosphate dehydrogenase, 1.3 U/ml hexokinase, 0.7 mM nicotin-
amide adenine dinucleotide phosphate (NADP), 9 mM phosphocre-
atine (Sigma, St. Louis, MO). The rate of change of absorbance
(mOD/min) at 340 nm over 2.5 min was measured spectrophoto-
metrically (UV Max kinetic microplate reader (Molecular Devices,
Sunnyvale, CA). Velocity remained constant throughout the assay.
All samples were assayed at least in triplicate. Each experiment
was repeated three times.
Clonal Analyses
Clonal experiment type 1. E7 quail iris, the unfolded band
located central to the ciliary body, was isolated and cells were
dissociated as described above. Cells were seeded at one cell per
well in 72-well, conical collagen-coated Terasaki plates (Nunc
International, Rochester, NY) in 5% E10 chick embryo extract
(CEE)/10% HS/L-15 CO2. Wells with a single cell were identified
under phase-contrast optics with a 103 objective. Once clones
reached approximately 100 cells (5–6 days), they were removed
using 0.1% trypsin in MPG (25 ml total volume) and half of the cells
were placed into culture alone, while the other half were added to
E11 iris–ciliary body cultures. For both conditions, serum-free
medium in collagen-coated 35-mm2 dishes was used. A 1-cm hole
had been drilled in the center and covered with Petriperm biomem-
brane (Heraeus Instruments, South Plainfield, NJ) to form a 250-ml
volume well within the center of each 35-mm2 dish. Quail clones
alone or in coculture were fixed with Zamboni’s fixative (4%
paraformaldehyde, 15% picric acid, 0.05 M phosphate buffer, pH
7.2) after 4 days in the new environment. The clonal derivatives
were then analyzed for smooth and striated muscle markers.
Clonal experiment type 2. Dissociated E7 quail iris cells were
incubated with 0.8 mM calcein–acetoxymethyl ester (calcein-AM,
Molecular Probes, Eugene, OR, 4 mM stock diluted in MPG) for 15
min prior to filtration. Cells were seeded at low density (approxi-
mately one cell per well) on 3 day cultured E8 chick head skin
fibroblasts or chick E11 iris–ciliary body. Although the membrane
permeability of calcein-AM is dramatically reduced when cleaved by
endogenous esterases of intact and healthy cells, the fluorescent
molecule does diffuse from the cytoplasm with a half-life of 3 h.
Therefore, wells were assessed for the presence of single, fluorescent
cells 3 h after seeding. These wells were marked and clones were
cocultured for 4 days, at which time the cultures were fixed. Clones
were identified by the quail nuclear marker QCNP and analyzed for
smooth markers and the ability to fuse with myotubes.
Statistics
x2 and t test analyses were performed using Statistica statistics
software (Statsoft, Inc., Tulsa, OK).
Immunolocalization
Antibodies. MF20 [anti-striated myosin heavy chain (MyHC)],
QCPN [quail-specific nuclear marker] mouse monoclonal super-
natants were obtained from the Developmental Studies Hybridoma
Bank maintained by the Department of Biological Sciences (Uni-
versity of Iowa, Iowa City, IA). Rabbit anti-chicken myoD serum
was a generous gift from Dr. B. Paterson (Laboratory of Biochem-
istry, National Cancer Institute, Bethesda, MD). Rabbit antisera
against chicken muscarinic acetylcholine receptor subtypes 2, 3,
and 4 (CM2, CM3, CM4) were generous gifts from Dr. N.
Nathanson (Dept. of Pharmacology, University of Washington, Se-
attle, WA). The following antibodies were purchased commer-
cially: anti-myoD (M-318sc No. 760, Santa Cruz Biotechnology,
Santa Cruz, CA), anti-mrf4 (242sc No. 784, Santa Cruz Biotechnol-
ogy) anti-smooth muscle-specific a-actin (aSMA, Sigma), anti-
calponin (aCLPN, Sigma), anti-smooth muscle-specific myosin
light chain kinase (MLCK, Sigma).
Fixing and processing. Embryonic eyes were removed and
fixed in 10 ml fresh Zamboni’s fixative for 40 min at 25°C and
washed in PBS prior to equilibration in graded dilutions of sucrose
(3, 6, 15, 22.5, or 30%, w/v) and then embedded in OCT freezing
medium (TissueTek, Elkhart, IN). Serial sections (8 mm) were cut
on a Leica Jung Frigocut 2800N cryostat. Sections were mounted on
gelatin-coated glass slides, dried 2–3 h at 25°C, and processed for
immunolocalization as described below. Cultures were fixed in 500
ml Zamboni’s fixative for 20 min at 25°C followed by washing in
PBS. Fixed cultures were blocked overnight with 10% horse
serum/5% chick serum/2% lamb serum/0.5% Triton X-100/0.1%
sodium azide/PBS. Cultures were incubated with primary antibod-
ies for 4 h at 25°C or overnight at 4°C at the following dilutions in
blocking solution: MF20 (1:6), QCNP (1:4), anti-aSMA (1:1000),
anti-CLPN (1:1000), anti-MLCK (1:1800); anti-cMyoD (1:250), anti-
myoD [Santa Cruz No. 760] (1:500), and anti-CM2 (1:200), anti-
CM3 (1:400), anti-CM4 (1:1000). Endogenous peroxidases were
then inactivated by addition of 30% ethanol/1% hydrogen
peroxide/PBS. Cultures were subsequently processed for single or
double (anti-CM2,3,4) peroxidase–antiperoxidase immunoreactiv-
ity as described previously (Darland et al., 1995). For immunoflu-
orescence, goat anti-mouse–fluorescein isothiocyanate (1:800, Cap-
pel, Durham, NC) or goat anti-rabbit–tetramethylrhodamine (1:
800, Cappel) was incubated 1 h at 25°C prior to Hoechst staining (1
mg/ml, Sigma) and equilibration in Anti-Fade (Molecular Probes).
Specimens were viewed using a Sony digital camera attached to a
Zeiss microscope. Images were captured on a Macintosh computer
using Sony DKC-5000 software and Adobe Photoshop.
In Situ Hybridization
Riboprobes specific for the chicken muscarinic acetylcholine
receptor subtypes (CM 2, 3, 4), corresponding to the heterologous
third cytoplasmic loop, were generated from plasmids kindly
provided for by Dr. N. Nathanson (University of Washington,
Seattle, WA). Constructs were linearized and purified as described
(Darland et al., 1995). Antisense riboprobes were transcribed using
T7 or SP6 RNA polymerases (Gibco-BRL, Grand Island, NY) in the
presence of digoxigenin-11-UTP (Boehringer Mannheim, Indi-
anopolis, IN). In addition chicken myoD antisense riboprobes,
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corresponding to nucleotides 776–1063 bp, were synthesized to use
as a positive control with muscle cultures. For each reaction, 1 ml
was analyzed on a 1.5% agarose gel to check synthesis fidelity and
estimate probe concentration. Probe purification, hybridization,
and immunodetection were performed as described in Nieto et al.
(1996). In brief, cultures were fixed in 4% paraformaldehyde/4%
sucrose/PBS and transferred to 70% EtOH and stored at 220°C
until processed for in situ hybridization. Following rehydration,
cells were prehybridized 1–3 h at 50°C. Prehybridization buffer was
replaced with warmed, fresh hybridization buffer with 100 ng
riboprobe. Cultures were hybridized 16 h at 50°C in a humidified
chamber. Cells were washed three times for 15 min in each of the
following: 23 SSC/0.1% Chaps (50°C); 0.23 SSC/0.1% Chaps
(37°C); KTBT buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM
KCl, 1% Triton X-100; 25°C). Cultures were then processed for
immunodetection using anti-digoxigenin Fab fragment antibodies
(1:1000 in 20% lamb serum/PBS, Boehringer Mannheim) using BM
purple as the reaction substrate (Boehringer Mannheim). Immuno-
histochemical reactions were allowed to develop 6–8 h prior to
quenching with KTBT washes.
Electrophysiology
Intracellular voltage recordings (Furshpan et al., 1986) were
obtained from pectoral and iris–ciliary body myotubes 2 days after
serum withdrawal. In brief, prior to recording the muscle cultures
were equilibrated in recording medium consisting of 10% L-15
medium; 90% Hanks’ balanced salt solution; 72 mM choline
chloride; 33 mM glucose; 2 mM glutamine; 10 mM N-2-
hydroxyethylpiperazine-N9-2-ethane sulfonate (Hepes), pH 7.4; and
2.6 mM calcium chloride. Glass microelectrodes were filled with 3
M KCl and used if they had resistances of 75–95 MV. Recording
medium and antagonist solutions were perfused with a flow rate of
approximately 400 ml/min. Cells were impaled and showed mem-
brane potentials between 245 and 270 mV. Two large diameter
(5–10 mm) pipets were used to pressure apply acetylcholine (10 mM)
or muscarine (10 mM) (Choi and Fischbach, 1981). Cholinergic
antagonists were applied in the recording medium (1 mM
d-tubocurare (Sigma) or 1 mM atropine (Aldrich, Milwaukee, WI).
a-Bungarotoxin Labeling
Dissociated iris–ciliary body cells were cultured for 4 days as
described. On day 4, medium was replaced with fresh serum free
medium with 10 mg/ml a-bungarotoxin–FITC (Sigma) and incu-
bated for 20 min to label the cell surface pool of nicotinic
acetylcholine receptors. Cultures were then washed in PBS and
fixed with fresh Zamboni’s prior to processing for MyHC immu-
noreactivity using a rhodamine-conjugated secondary antibody.
RESULTS
Smooth-to-Striated Muscle Transition
The smooth-to-striated muscle transition in the develop-
ing chick iris and ciliary body was followed using antibod-
ies specific for a-smooth muscle-specific actin (aSMA) and
striated muscle-specific myosin heavy chain (MyHC). At E8
invaginating epithelial cells at the pupillary margin were
aSMA immunoreactive. In addition, migrating neural crest
cells that form the corneal endothelium transiently ex-
pressed aSMA (arrows, Fig. 1A). In adjacent sections at E8,
no MyHC expression was detectable (Fig. 1B). At E11,
epithelial cells continued to invaginate, differentiate into
smooth muscle, and migrate peripherally (Fig. 1C). MyHC-
expressing tissue was interspersed with smooth muscle in
an area midway between the pupillary margin and the
peripheral edge of the iris (Figs. 1D and 2A). We were not
able to discern whether there was colocalization of aSMA
and MyHC in single cells using adjacent sections; however,
previous studies have reported colocalization of smooth
muscle-specific IP3 receptors with MyHC-immunoreactive
cells (Volpe et al., 1993). At later stages (after E16), the
proportion that express aSMA was reduced (Fig. 1E), while
most of the cells in the iris (Fig. 1F) and ciliary body (Fig. 2B)
stroma expressed MyHC (Fig. 1F). By hatching, only the
cells at the pupillary margin and those lining blood vessels
expressed markers for smooth muscle.
Expression of Smooth Muscle Markers in Addition
to aSMA
Because aSMA is not specific marker for smooth muscle
in some tissues, we tested whether other markers were
expressed in the stroma of the iris and ciliary body. Smooth
muscle-specific myosin light chain kinase (MLCK), a Ca21/
calmodulin-dependent kinase that regulates smooth muscle
contraction, and calponin, a calmodulin and F-actin binding
protein, are expressed in fully differentiated smooth muscle
cells (Olson et al., 1990; Frid et al., 1992). Immunoreactiv-
ity for MLCK and calponin was observed at E8, but in a more
restricted domain than aSMA (data not shown). Corneal en-
dothelial cells, while immunoreactive for aSMA, were nega-
tive for both MLCK and calponin. None of the smooth muscle
markers were expressed in the developing extraocular mus-
cles, which are known to be striated muscle. MLCK and
calponin were also expressed within aSMA-positive cells of
the iris, including the invaginating epithelial buds at E8. By
E11, cells in the ciliary muscles expressed the striated muscle
marker MyHC and, in adjacent sections, cells expressing
aSMA, MLCK, and calponin were observed (Figs. 2A, 2C, 2E,
and 2G). By E16, striated myotubes, which expressed MyHC,
were visible. At this time MLCK and calponin were absent
from the ciliary muscles, and aSMA immunoreactivity was
dramatically reduced (Figs. 2B, 2D, 2F, and 2H). Thus, aSMA
is an appropriate marker for smooth muscle in cells of the
stroma of the iris and ciliary body.
Developmental Changes in the Ability of Iris and
Ciliary Body to Form Striated Muscle in Vitro
In order to address the cellular mechanisms which con-
trol the smooth-to-striated muscle transition in the iris and
ciliary body, we established a culture model for iris–ciliary
body differentiation. We first plated cells isolated from
dissociated iris and ciliary body at different stages of devel-
opment and tested whether myogenesis in vitro was com-
parable to that in vivo. As observed in other systems,
dissociated smooth muscle cells dedifferentiated and then
redifferentiated into aSMA-positive cells within 4 days of
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plating. The largest number of cells with the capacity to
differentiate into striated muscle (as assayed by MyHC
immunoreactivity) was found in E11 iris–ciliary body (Fig.
3A). Thus, E11 represents the age at which the largest
number of myoblasts and myocytes can be recovered from
the tissue, as the dissociation and culturing procedure
selects against myotubes. In contrast, very few cells from
E7 or E8 iris–ciliary body formed striated muscle (Fig. 3A),
although a large number of them eventually redifferentiated
into smooth muscle.
Since somatic striated muscle is normally formed from a
migratory precursor population, we tested whether the inabil-
ity of striated muscle to differentiate in cultures prepared from
E8 iris–ciliary body was due to the lack of precurser cells.
Explants of intact E8 iris–ciliary body were placed into culture
and creatine phosphokinase (CPK) activity, a late marker of
myotube formation (Shainberg et al., 1971; Olsen et al., 1983),
was measured and compared to age-matched iris–ciliary body
in vivo (Fig. 3B). CPK development in explants was compa-
rable to that observed in vivo, suggesting that all of the
FIG. 1. Smooth-to-striated muscle transition in the developing iris. aSMA (A, C, E) and MyHC (B, D, F) immunoreactivity in adjacent
8-mm cryostat sections at E8 (A, B), E11 (C, D), and E16 (E, F). In A, aSMA immunoreactivity (brown) can be seen in the invaginating
epithelium (black arrow) as well as in the developing corneal endothelium (white arrows). C, cornea; IS, iris stroma; L, lens; NPE,
nonpigmented epithelium; PE, pigmented epithelium. Bar: 400 mm (A, B), 500 mm (C, D), 1 mm (E, F).
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FIG. 2. Smooth-to-striated muscle transition in the developing ciliary body. Immunoreactivity in adjacent 8-mm cryostat sections of the
ciliary body for multiple smooth muscle markers: striated muscle-specific MyHC (A, B), aSMA (C, D), MLCK (E, F), and calponin (G, H)
in E11 (A, C, E, G) and E16 (B, D, F, H) ciliary body. NPE, nonpigmented epithelium; NR, neural retina; OS, ora serrata; PE, pigmented
epithelium (delineated with arrows). Bar: 500 mm (A, C, E, G), 1 mm (B, D, F, H).
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striated muscle precursors are resident within the iris–ciliary
by E8. Since very little striated muscle formed when E8
iris–ciliary body was dissociated, we concluded that local
cellular interactions, or extrinsic influences provided by the
local paracrine environment within the intact tissue were
necessary for the smooth-to-striated muscle transition. We
therefore performed two types of clonal analyses to address
whether cells present in E7 iris–ciliary body were pluripotent,
as well as to test whether cell fate or differentiation was
regulated by extrinsic factors.
Clonal Analysis of Cells Isolated from E7 Quail
Iris–Ciliary Body
Cells cloned alone were used to determine the frequency
of smooth or striated muscle precursor cells that could be
recovered from dissociates of young iris and to test whether
the fate of the cells could be influenced by myocytes that
were actively fusing (Fig. 4A). Quail embryos were used as
a source of young iris tissue for these experiments because
quail cells are more readily cloned and can be easily
distinguished from chicken cells in coculture by their
immunoreactivity to QCPN antigen. Single cells from E7
iris–ciliary body were grown in medium that promoted
mitogenesis to a colony size of ;100 cells and then each
clone was split and reseeded into two different culture
conditions. Half of each clone was induced to differentiate
by exposure to serum-free medium and then assayed for
aSMA immunoreactivity or for the ability to incorporate
into multinucleated myotubes. The other half of the clone
was plated in the presence of actively fusing E11 chick
iris–ciliary body cells to test whether cells giving rise to
smooth or striated muscle could be induced to incorporate
into myotubes.
Mixed clones containing both smooth and striated mus-
cle cells were not observed in the 71 clones that were
analyzed (Table 1; Fig. 5), arguing against the presence of a
multipotent stem cell in the E7 iris–ciliary body. More than
3⁄4 (n 5 55; 77%) of the clones differentiated into colonies
containing smooth or striated muscle. Of the 55 muscle-
forming colonies, 18% were striated muscle, indicating that
we were able to recover precursor cells committed to the
striated muscle lineage in E7 iris. Quail cells giving rise to
smooth muscle could not be induced to incorporate into
myotubes when placed in coculture with actively fusing
chick myocytes. Since cloning efficiency in this experiment
was approximately 50%, it is possible that multipotent
precursor cells were selected against or that a multipotent
stem cell became committed to a single cellular lineage
under these conditions.
A second, more efficient method for cloning was designed
to test whether selective processes present in the developmen-
tal environment can influence early cell fate decisions (Fig.
4B). Embryonic day 7 quail iris was dissociated, prelabeled
with the vital dye calcein-AM, and plated at a clonal density
in the presence of chick embryonic fibroblasts or E11 iris–
ciliary body cells. Chick embryo fibroblasts were used because
they promote survival of E7 quail iris cells without altering
the number of precursors that differentiate into striated
muscle (Link and Nishi, 1998). Culture wells containing one
labeled quail cell were marked after cells had settled from the
plating. After 4 days, the resulting colonies were fixed and
identified by a quail-specific marker (QCPN). The muscle of
type each colony was identified by a aSMA immunoreactivity
or the presence of multinucleated myotubes. Unlike the
previous cloning experiment, the survival rates of colonies
derived from a single E7 quail cell were high, 98.1 and 98.2%
respectively, when cultured with fibroblasts or E11 iris–
ciliary body cells. This high rate of recovery indicates that the
fates observed were representative of the single cells obtained
from E7 quail iris–ciliary body.
As observed in the previous cloning experiment, all
colonies of QCPN-expressing cells were homogenous and
expressed aSMA, incorporated into myotubes, or were
classified as “other” (Fig. 5). A higher percentage of cells
FIG. 3. Striated muscle development in dissociated and explant
cultures of iris and ciliary body. (A) Dissociated cultures: iris–
ciliary body cells were isolated, dissociated, and plated at 5 3 104
cells/ml for each age shown. The number of nuclei in MyHC-
immunoreactive cells were counted after 4 days in culture. Data
points represent means 6 standard error from four wells from one
representative experiment. (B) Explant cultures: E8 iris–ciliary
body were explanted onto collagen–agarose cushions and allowed
to develop for 1, 2, 4, or 6 days. CPK activity from explants (filled
circles) was measured and compared to age-matched iris–ciliary
body that had developed in vivo (open squares). Data points
represent means 6 standard error from three iris–ciliary bodies
from one representative experiment.
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differentiated as striated muscle when cloned in coculture
(27% on fibroblast, 38.5% on E11 iris myocytes, versus 14%
when clones were cultured alone), suggesting that many of
the cells lost with the first cloning method were precursors
of striated muscle. The proportion of cells scored as “undif-
ferentiated” or “other” also increased by cloning in cocul-
ture. Interestingly, the percentage of striated muscle clones
was higher when cells were cloned in coculture with E11
iris, while the percentage of undifferentiated/other clones
was lowered by a similar amount. The percentage of
smooth muscle clones was not significantly altered, sug-
gesting that the number of smooth muscle cell precursors
FIG. 4. Clonal analyses: experimental design and colony phenotype. Single cell cloning with serum-rich medium (A) or with serum-free
medium in coculture with other cells (B). In A, cells isolated from undifferentiated E7 quail irises were cloned by limited dilution and
allowed to proliferate. When colonies reached ;100 cells, they were trypsinized, divided into two suspensions, and reseeded in serum-free
(differentiation promoting) medium alone or with chick E11 iris–ciliary body cultures. Clonal progeny were identified with a quail-specific
antibody and analyzed for muscle phenotypes after 4 days in the new environment. In B, dissociated E7 quail iris cells were labeled with
the vital dye calcein-AM and cloned by limited dilution with either embryonic fibroblasts or E11 iris cells. Wells that contained a single
fluorescent quail cell (B, bottom) were allowed to develop for 4 days and then analyzed for muscle marker expression. Examples of colonies
from B were processed for QCNP and myotube incorporation (C–H): (C, D, E) Clones with E11 iris–ciliary body cells; (F, G, H) clones with
embryonic fibroblasts. Clonal types included smooth muscle (C, F), striated muscle (D, G), undifferentiated/other cells (E, H). Bar: 75 mm.
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remained unchanged. Not only were the clonal cell-type
compositions different, but also the number of cells in
smooth and striated muscle cell colonies was approxi-
mately twofold greater when cultured with E11 iris, while
undifferentiated/other clone sizes were not altered. These
data suggest that extrinsic influences provided by the local
environment act in regulating the smooth-to-striated mus-
cle transition: the ability of an undifferentiated iris cell to
form striated muscle is potentiated by signals provided by
cells within the maturing muscle.
Colocalization of Smooth and Striated Muscle
Markers in the Developing Iris
Although our cloning experiments found no evidence for
a multipotent precursor cell in E7–8 iris–ciliary body, they
did not rule out the immediate transdifferentiation of a
smooth muscle cell to a striated muscle myoblast. To
investigate the contribution of transdifferentiation to the
smooth-to-striated muscle transition, we analyzed the pat-
tern of expression of myo-D and mrf4, myogenic regulatory
factors specific for skeletal muscle, and tested for colocal-
ization of these factors with smooth muscle markers in
vivo and in isolated cells. Surprisingly, during early stages
of iris and ciliary body formation (E7.5), myoD immunore-
activity was localized to epithelial cells anterior to the ora
serrata (Figs. 6A and 6B). Nuclear localization was evident
in numerous cells. When E7.5 iris was explanted, some
epithelial cells were induced to express MyHC (Fig. 6D,
arrows). MyHC was never observed in the iris epithelium or
ciliary epithelium in vivo. By E9, the domain of myoD
expression was confined to nuclei within the irideal epithe-
lium at the pupillary margin (Fig. 7A). Mrf4, however, was
never expressed in these epithelial cells (Fig. 6C). At later
stages of development (E16), myoD and mrf4 were ex-
pressed in muscle cells of the peripheral stroma of the iris
and ciliary body (Figs. 6E and 6F). At E9, the myoD expres-
sion domain overlapped with invaginating epithelial cells
that expressed smooth muscle markers. In a few instances,
cells coexpressing myoD and aSMA were observed (Figs.
7A–7C, arrows).
As individual cells are difficult to distinguish in vivo, we
addressed colocalization in dissociated iris cell cultures
where cell spacing is greater. Colocalization was observed
on a low, but consistent basis in cultures fixed after 24 h in
vitro (Figs. 7D–7F). By 72 h, no colocalization was observed,
although both myoD and aSMA immunoreactive cells were
present (data not shown). Two independent antisera, one
against recombinant chicken myoD and another against
human myoD, were used and showed similar staining
patterns.
The coexpression of muscarinic and nicotinic acetylcho-
line receptors (AChRs) was characterized on myotubes
derived from either E10 iris and ciliary body or embryonic
pectoralis. Skeletal muscle typically expresses only nico-
tinic AChRs; however, Pilar et al. (1987) previously ob-
TABLE 1










Smooth m. 1 2 45 No
Striated m. 2 1 10 Yes
Mixed 1 1 0 n/d
“Other” 2 2 16 n/d
Note. Cells dissociated from E7 quail iris were cloned in Terasaki
wells in enriched medium until colonies reached a size of 100 cells.
The colonies were then trypsinized and grown under two different
conditions that permitted differentiation. Half of the cells were
placed into serum-free supplemented medium and allowed to
differentiate. The other half were placed into coculture with
actively fusing myocytes from E11 chick iris. Cultures were then
fixed and processed for staining for the quail nuclear marker,
QCPN, and anti-aSMA. All quail cells were then scored for aSMA
immunoreactivity and ability to incorporate into multinucleated
myotubes in both culture conditions. A total of 71 colonies were
recovered and analyzed from 4 independent cloning experiments.
The criterion set forth prior to the analysis was to score clones with
one or more cells that expressed the listed muscle marker as “1”
and “2” if no cells within the clone expressed the muscle marker.
In virtually all the colonies analyzed, more than 80% of the quail
nuclei were observed in myotubes or as cells expressing aSMA.
FIG. 5. Distribution of phenotypes expressed in clones derived
from pretransition quail iris cocultured with fibroblasts or E11 iris
cells. Cells derived from dissociated E7 quail iris were cloned in
coculture with chick fibroblasts or E11 iris and the resulting
phenotypes were assessed by immunoreactivity for smooth
muscle-specific a-actin and by their ability to incorporate into
multinucleated myotubes. Of 110 single cells identified in wells on
fibroblasts, colonies formed from 108, a recovery of 98.2%. Simi-
larly, 156 of 159 cells identified formed colonies that were ana-
lyzed, a recovery of 98.1%. Note that the percentage of precursors
differentiating into smooth muscle remains unchanged, while the
increase in differentiation of striated muscle comes at the cost of
cells that fail to express either marker (“other”).
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served that iris myotubes showed both a-bungarotoxin
(aBTX, an irreversible nicotinic AChR antagonist)-sensitive
and -insensitive conductances in response to acetylcholine.
Extending this observation, we found that muscarine
evoked voltage changes in myotubes derived from the iris
and ciliary body, but not from myotubes derived from
embryonic pectoral muscle (Figs. 8A and 8B). The musca-
rinic response could be blocked by the addition of the
muscarinic antagonist atropine. In addition, the duration of
depolarization with acetylcholine, which activates both
muscarinic and nicotinic receptors, was longer in iris–
ciliary body myotubes compared to pectoral myotubes,
consistent with the former expressing muscarinic recep-
tors, which display slower kinetics. Using cRNA probes or
antisera for chick muscarinic AChR subtypes (CM2, 3, and
4), we found that both mRNA and protein for CM2 were
expressed in cultures from E10 iris and ciliary body, includ-
ing within patches of smooth muscle and within
multinucleated myotubes (Figs. 8C–8F). CM3 and 4, were
not detectable by either in situ hybridization or immuno-
cytochemistry, thus, both smooth and striated muscle of
the iris–ciliary body express the same subtype of musca-
rinic AChR. In accordance with the electrophysiological
results, none of the muscarinic subtypes were expressed on
pectoral myotubes. To investigate whether nicotinic recep-
tors are expressed on iris–ciliary body-derived myotubes at
this age, we colabeled cultures with rhodaminated aBTX
and MyHC (Figs. 8G and 8H). Myotubes from iris–ciliary
FIG. 6. Muscle regulatory factor expression in the developing iris. (A) MyoD immunoreactivity in E7 chick iris and ciliary body
epithelium (arrowheads). Note the absence of myoD immunoreactivity in the prospective neural retina and stroma of the iris and ciliary
body. (B) Higher magnification shows many cells of the nonpigmented iris epithelium with nuclear myoD immunoreactivity (arrows). (C)
mrf4 was not expressed in the iris at this stage in adjacent sections. (D) Epithelial cells of E7 iris and ciliary body expressed MyHC when
explanted on collagen–agarose (arrows), but not in vivo (compare to Fig. 1B). Immunoreactivity for both myoD (E) and mrf4 (F) was
detectable in stromal cells of the iris and ciliary body in adjacent sections at E16. Normal rabbit serum staining was included as a control
(G). Bar: 1600 mm (A), 100 mm (B, C), 25 mm (D), 125 mm (E–G). C, cornea; L, lens; NPE, nonpigmented epithelium; NR, prospective neural
retina; IS, iris stroma; OS, prospective ora serrata; PE, pigmented epithelium.
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body were found to cluster nicotinic acetylcholine recep-
tors as described previously for myotubes from other tissue
sources (Anderson et al., 1977).
DISCUSSION
We have examined the mechanisms of the smooth-to-
striated muscle transition during development of the avian
iris and ciliary body. Here, we describe the maturation of iris
and ciliary body muscle cells in vivo and investigate the
lineage relationships and mechanisms of their development in
vitro. At an early stage (E8), the iris and ciliary body contain
only smooth muscle, although cells possessing the capacity to
form striated muscle are present. Using a method of analysis
which permitted the identification and characterization of
quail clones when placed in coculture with chick cells, we
show that factors produced by cells at the peak of the transi-
tion induced more cells to become striated muscle. We also
found that multiple markers for smooth and striated muscle
are coexpressed within cells during the transition. Our data
argue against differentiation of smooth and striated muscle
from a multipotent muscle stem cell, but suggest that both
migratory myoblasts and transdifferentiating smooth muscle
contribute to iris myotubes.
Our observation that cloned cells differentiated into homog-
enous colonies is consistent with previous studies, suggesting
an independent lineage for iris smooth and striated muscle
cells (Nakano and Nakamura, 1985; Yamashita and Sohal,
1986, 1987). In these experiments chick head mesoderm and
neural crest were replaced with equivalent quail tissues prior
to the onset of migration of these cells and the chimeric
embryos were then allowed to develop. Many quail nuclei in
iris myotubes were observed, while the smooth muscle was
composed entirely of host chick nuclei. We found that colo-
nies arising from individual E8 iris cells contained only a
single muscle cell type in a variety of environments. High
survival rates of the clones (greater that 98%) and the presence
of smooth muscle, striated muscle, and nonmuscle colonies in
each condition argue that selection against a stem cell did not
occur. Nonmuscle colonies were not further characterized and
potentially represent fibroblasts, endothelial, or epithelial
cells. However, such heterogeneity within the nonmuscle
category does not alter the conclusion stated above.
While the results of the cloning experiments argue
against a multipotent muscle stem cell or random transdif-
ferentiation during proliferation, they cannot exclude an
immediate transdifferentiation of smooth muscle cells into
dividing, fusion competent myoblasts at the time of disso-
ciation or plating. Our smooth and striated muscle colocal-
ization studies together with the work of others suggest
that transdifferentiation of smooth to striated muscle may
FIG. 7. Colocalization of MyoD and smooth muscle-specific actin. MyoD (A, D) and aSMA (B, E) expression in triple-labeled cryostat
sections of E9 iris in vivo (A–C) and in 24-h dissociated cultures of E9 iris (D–F). Total nuclei were labeled with Hoechst dye (C, F). Arrows
indicate cells coexpressing myoD and aSMA. Bar: 100 mm.
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occur in addition to the differentiation of cells committed
to specific cell lineages. This is supported by colocalization
of aSMA and myoD in acutely isolated iris cells, but not in
cells grown for 3 days in vitro. Iris myotubes in vivo exhibit
both aBTX-sensitive and -insensitive depolarizations to
acetylcholine (Pilar et al., 1987), and we have shown that
FIG. 8. Expression of muscarinic receptor type 2 in myotubes derived from E10 iris and ciliary body, but not in myotubes derived from
pectoral muscle. Intracellular recording and pharmacological characterization of iris–ciliary body (A) and pectoral (B) myotubes. Data
shown are from continuous (;20–25 min), representative recordings. Acetylcholine (ACh, 1 mM) was used to elicit total voltage potential
changes (nicotinic 1 muscarinic receptor activation). Muscarine (1 mM) was used to activate muscarinic receptors only. Atropine was used
to antagonize muscarinic receptors (5 min perfusion) and curare (10 mM) was used to antagonize nicotinic receptors. Recovery was assessed
following 5-min perfusion with recording medium. In situ RNA hybridization (C, D) and protein immunoreactivity (E, F) for chicken
muscarinic type 2 receptors in cultures of iris–ciliary body (C, E) and pectoral muscle (D, F). Nicotinic receptor clusters (a-bungarotoxin
labeling) (G) on an iris-derived myotube-immunoreactive MyHC (H). Bar: 75 mm.
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muscarinic and nicotinic AChRs are coexpressed in iris. In
addition, we have identified both message and protein for
the same muscarinic receptor subtype (CM2) in iridial
smooth and striated muscle. Finally, smooth and striated
myosin heavy chains are coexpressed in iris cells during the
transition of muscle types (Volpe et al., 1993). Although
largely correlative, the sum of these studies support a role
for transdifferentiation during the development of the iris
muscles.
Transdifferentiation is uncommon, but more frequent
among ocular tissues than elsewhere. The first clear dem-
onstration of transdifferentiation was by Eguchi and Okada
(1973) who showed through clonal analysis of chicken
retinal pigmented epithelial cells that they convert to lens
cells in vitro. Other examples of ocular plasticity include
the switching of retinal pigmented epithelium to neural
retina (Coulombre and Coulombre, 1965; Reh et al., 1987;
Park and Hollenberg, 1991; Pittack et al., 1991), the conver-
sion of dorsal iris cells into neural retina (Cioni et al., 1990),
and corneal transdifferentiation to lens (Bosco, 1988). Each
of these examples demonstrates the capacity of ocular cells
to transdifferentiate after experimental manipulation. Trans-
differentiation of cells during normal development has
been shown for several contractile cell types. Patapoutian
et al. (1995) provided evidence for a developmentally
programmed transdifferentiation of smooth to striated
muscle during mouse esophageal muscle differentiation
and recently the striated muscle in the electric fish,
Sternopygus macrurus, was found to transdifferentiate
into electrocytes which then form the electric organ
(Patterson and Zakon, 1997).
Our observation that myoD immunoreactivity, but not
mrf4, is found in the neuroepithelium of the optic cup was
surprising, but not without precedence. In the mouse an-
other basic helix–loop–helix muscle regulatory factor, myf
5, is expressed in the neural tube and later in subdomains of
the brain (Tajbakhsh et al., 1994; Tajbakhsh and Bucking-
ham, 1995). None of the other muscle regulatory factors are
expressed in these neuroepithelial cells and myogenesis is
suppressed in vivo. However, when these cells are cultured
in vitro, they go on to express other striated muscle mark-
ers. Interestingly, myf5 is the first muscle regulatory factor
to be expressed in the mouse somite, whereas myoD is the
first in the chick (Emerson, 1993). Other examples have
been documented of neuroectodermally derived cells that
can give rise to striated muscle in vitro, such as pituitary
and brain stem (Brunner and Tschank, 1982; De Vitry et al.,
1994). The significance of myoD expression in the prospec-
tive iris and ciliary epithelium is not understood. However,
the subsequent sculpting of this expression to the margin of
the iris and the colocalization with differentiating smooth
muscle cells is consistent with transdifferentiation. How
myoD is repressed from initiating striated myogenesis is
unknown, but inhibition of myoD function by phosphory-
lation and protein association has been demonstrated in
other cells (reviewed in Ludolph and Konieczny, 1995).
The results presented in this paper, coupled with data
from others, suggest a model for the differentiation of the
chick iris and ciliary body. Head mesoderm and cranial
neural crest migrate over the neuroepithelium of the optic
cup and form, among other structures, the prospective
stroma of the iris and ciliary body. This stroma is composed
of specified, but undifferentiated cells, including those of
the striated muscle cell lineage. Within the iris, neuroecto-
dermal cells at the pupillary margin invaginate into the
overlying stroma and differentiate into smooth muscle
cells. Whether mesodermally derived cells also express
smooth muscle characteristics, either stably or transiently,
has not been investigated. This possibility seems likely
within the ciliary body because no invaginating epithelium
has been described in this region. We propose that striated
muscle differentiation of the avian iris and ciliary body is
then initiated in cells derived from multiple embryonic
origins including head mesoderm (Yamashita and Sohal,
1986, 1987), neural crest (Johnson et al., 1979; Nakano and
Nakamura, 1985), and the neuroectoderm via transdifferen-
tiation of smooth muscle cells (Volpe et al., 1993; this
study). We favor this model as it is consistent with pub-
lished observations from others, as well as with the clonal
analysis and colocalization studies described here.
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